Introduction
Coal dust of the mining industry causes the number one health problem in coal miners: pneumoconiosis (black lung). Excessive coal dust in underground coal mines can also cause disastrous explosions [1, 2] . Water spraying is one of the most efficient and cost-effective measures to reduce dust concentration in coal mines [3] . This method uses small water particles sprayed by a nozzle to capture the coal dust in the air. Consequently, the method to produce tiny water particles and the diameter of the water particles are important for reducing coal dust. If the diameter of water is near the diameter of coal dust, according to Wang Peng-fei [4] , better dust removal can be achieved. Pang Jiewen et al. [5] had measured the coal dust particle size. The results showed that the distribution scope of the major coal dust particle size is about 10-100 µm. There are three main kinds of methods to produce tiny water droplets to capture coal dust: rotary spray [6] , ultrasonic atomization [7] [8] [9] , and spray nozzle [10, 11] .
The rotary spray uses a rotating disk to produce tiny water particles. This method has been widely used in industry, such as in the fields of dust suppression [6] and for cutting tool cooling [12] . In recent years, many studies on the rotary atomized dust collector have been launched from the shear fracture of liquid membrane, but ideal particle sizes are hard to obtain [13] . Bizjan et al. [14] experimentally investigated the mechanism of ligament formation on a spinning wheel using photographs taken by a high-speed camera. Three different liquids with Newtonian properties were used at various flow rates, and the wheel rotational speed was varied in a wide range. Kamiya et al. [15] investigated liquid disintegration in ligament and sheet formation mode and developed a mathematical model of unstable wave growth for the spinning disk. Nelson K. Akafuah et al. [16] used an infrared thermography-based technique for the characterization and visualization of liquid sprays. The Sauter Mean Diameter (SMD) is about 20-55 µm, but the speed rotary bell atomizer is very high, above 20,000 rpm. Jacob E. Wilson [17] used high-speed shadow graph imaging to visualize the edge of a serrated rotary bell at speeds varying between 5000 and 12,000 rpm. The droplet (ranging from 40 to 300 µm) diameters formed a normal distribution.
Ultrasonic atomization can also be used to produce water particles to reduce coal dust [18] . Ultrasonic atomization has also been widely used in many fields of science, such as household humidifiers and medical science [19] , so many peoples have studied it. Takahisa et al. [7] investigated the effect of the frequency on the size distribution of ultrasonic mist. A bimodal distribution was obtained for the mist generated by ultrasonic atomization with a wide-range particle spectrometer. The peak diameter decreased with increasing frequency, and the concentration of the mist particles increased in the smaller range. Balasubrahmanyam et al. [20] tried by experimentation to understand the mechanism of ultrasonic vibration at the gas liquid interface causing the atomization of liquid. It has been found that the average droplet size produced by the pseudo-plastic liquid is less than that produced by the viscous Newtonian liquid having viscosity equal to zero-shear rate viscosity of the shear thinning liquid. Barreras et al. [21] performed an experimental study to improve the understanding of the characteristics of ultrasonic water atomization when excited with waves in the MHz range. It was confirmed that the droplet size distributions are relatively independent of the forcing voltage. For the oscillation frequency in the present measurements, 1.65 MHz, the droplet size distribution function presents a main peak between 3 and 5 µm. The supersonic swirling separation is a new technology for gas processing. Yan Y and Chuang W [22, 23] used the Discrete Particle Method to study the particle motion in supersonic flows with a strong swirl. The results showed that the separation efficiency reached over 80% when the droplet diameter was more than 1.5 µm. For the large delta wing, the collection efficiency reaches 70% with 2 µm particles, indicating a good separation performance of the proposed supersonic separator. Chuang Wen, et al. [24] carried out the numerical simulation with experimental separator by using numerical methods; the results show that the viscous heating and strong swirling flow cause adverse pressure in the annular channel, which may negatively affect the separation performance. Chuang Wen, et al. [25] set up an experimental system for testing the separation efficiency of three new designed separators with wet air. Under a strong swirling flow field, the separation efficiency reached over 95%. Yan Yang, et al. [26] developed the computational fluid dynamics modeling to optimize the vane structures; results indicate that 45-60 swirl angle, 0.125-0.3 dimensionless height, and 8-16 vanes are reasonable for gas purification using the supersonic separator.
Spray nozzles are used more than the rotary spray and ultrasonic atomization in coal dust control. Many scientific researchers have focused their work on spray nozzles. Benajes et al. [27] conducted an experimental study to analyze the influence of conical and cylindrical nozzle orifices on injection rate behavior of a common-rail fuel injection system at maximum needle lift in a cavitation test rig. Payri et al. [28] studied the spray penetration and liquid length under evaporating conditions for various nozzle geometries. Hadef et al. [29] measured a kerosene air blast atomized spray flame between two co-swirling air streams by a phase-doppler particle sizing system, and found a small liquid exists in the center of the combustor due to larger droplets with the swirl effect. Both particle image velocimetry (PIV) and phase-doppler anemometry (PDA) have been used for measurements on the droplet velocity and droplet size. Measurement were made by Husted and Petersson [30] using PIV and PDA; they indicate that higher throw length can be achieved with a full cone nozzle compared to a hollow cone nozzle, when both nozzles have the same cone angle and flow rate.
Swirl nozzle is one kind of spray nozzle that has been widely used in many industrial fields [31] . Soltani, M.R. [32] performed an experimental investigation to explore the characteristics of sprays produced by a liquid-liquid coaxial swirl atomizer. The results indicate that the maximum Sauter Mean Diameter of droplets along the injection axis moves to the outer periphery of the spray and increases downstream. In this paper, a swirl nozzle is developed for generating water spray for dust control in coal mines, as shown in Figure 1 . The nozzle can not only convert the liquid pressure into the kinetic energy of the liquid, but also produce the liquid eddy to form a conical cavity in the center of the swirl chamber so that the eddied liquid in the form of a liquid film sprays out at high-speed from the nozzle. The liquid, after leaving the nozzle, is no longer restricted by the inner wall of the nozzle and spreads into the air. The slight disturbance of the air acts on the high-speed jet to form a turbulent wave. The amplitude of the disturbance increases when the kinetic energy of the small volume liquid is greater than the surface tension of the liquid, and the liquid film breaks and forms small fog particles under strong vibrations.
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where Q is the conical nozzle flow rate (m 3 /s), D is the nozzle diameter (m), P w is the water pressure (MPa), and k is the test coefficient (k = 1.34). At the same time, nozzle flow rate Q can be described as follows.
where v represents water jet velocity (m/s) and D is nozzle orifice diameter (m). Substituting Equation (3) into Equation (2) the following expression is obtained.
It can be seen from Equation (4) that the water jet velocity v is proportional to the square root of the water pressure P w . As the spray pressure P w increases, the axial velocity v of the fog increases accordingly. Thus, the relative velocity of the fog particles with the ambient air increases (weber numbers increase), which in turn promotes further atomization of the droplets.
Research Method

Numerical Study of Both Spray Nozzles
In recent years, the application of computational fluid dynamics (CFD) in spray atomizer design and analysis has received more and more attention from researchers and engineers [35] , as it can provide detailed and useful information about the fluid flows and particles that are usually difficult to produce by experimental methods. CFD has been used to simulate the two-phase flows in both swirl nozzles and traditional nozzles in order to gain understanding of the differences in flow characteristics between the two nozzles. The major difference between the swirl nozzle and traditional nozzle structurally is that swirl nozzles force the mass flow into eddy chambers in a tangential direction while the traditional nozzle does this in an axial direction.
In this research, the standard k-" turbulence model by Launder and Sharma [36] was used. The computational domain was an eddy chamber of 6 mm in radius and the spray nozzle was 1.5 mm in diameter. A full 3-D simulation was carried out in order to generate the overall flow path line when the conditions of the two-nozzle model were identical including boundary conditions.
The computational fluid dynamics (CFD) software Fluent 18.2 was used to simulate the water jet generation in both spray nozzles. The mesh for the computational domain was generated using software ANSYS Workbench 18.2. There are 12,257 hexahedral cells and 65,194 nodes. In this model, several boundary conditions for both nozzles are defined. The inlet boundary condition was specified by velocity-inlet at the speed of 21 m/s and outlet was specified by pressure-outlet at the atmospheric pressure. Both inlet and outlet turbulent intensity are specified by a standard value of 5%. All the wall boundary conditions were derived for no slip stationary walls.
Experimental Setup
Experiments were conducted to study the performance of the swirl nozzle. A dedicated test system for spray characteristic analysis was established at the Mine Fluid Control Laboratory, Taiyuan University of Technology. Tap water was used as the working medium, the tap water from the tank was pressurized to the preset pressure by a high-pressure pump and then forced out from the swirl nozzle.
At present, optical measurement techniques are the most suitable to measure the characteristics of water mist, and a number of different techniques are available. In this study, OMEC DP-2 particle size analyzer was used to measure the particle size of the fog field. Measurements were carried out at 1.0, 1.2, and 1.5 mm nozzle orifices and pressures from 2 to 6 MPa. A HX-6 high-speed camera was used to record and investigate the angle of water sprays. The experiment system is shown in Figure 2 .
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Numerical Study of Both Spray Nozzles
In this research, the standard k-ɛ turbulence model by Launder and Sharma [36] was used. The computational domain was an eddy chamber of 6 mm in radius and the spray nozzle was 1.5 mm in diameter. A full 3-D simulation was carried out in order to generate the overall flow path line when the conditions of the two-nozzle model were identical including boundary conditions.
Experimental Setup
At present, optical measurement techniques are the most suitable to measure the characteristics of water mist, and a number of different techniques are available. In this study, OMEC DP-2 particle size analyzer was used to measure the particle size of the fog field. Measurements were carried out at 1.0, 1.2, and 1.5 mm nozzle orifices and pressures from 2 to 6 MPa. A HX-6 high-speed camera was used to record and investigate the angle of water sprays. The experiment system is shown in Figure 2 . The experimental measurement system was tested in the Mine Fluid Control Laboratory. The setup was surrounded within a plastic curtain to maintain an enclosure space and avoid air flow that could cause errors. The hydraulic pressure gauge was used to monitor and maintain the spray pressure at its preset value. A flow meter was used to record the nozzle flow rate and a high-speed camera was used to capture the velocity of movement and atomization angle of fog particles. Meanwhile, the distribution of fog particles size was measured by the DP-2 particle size analyzer at different locations by changing the relative position of the nozzle. The experimental site is shown in Figure 3 .
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where m is the number of droplet diameter segments and d i and n i . are the droplet diameter and number of the ith segments, respectively. Figure 5 shows the resulting flow fields inside the nozzle structures before the water droplets were ejected in air for the two swirl and traditional nozzles. The swirl nozzle mass flow path lines in Figure 5a are significantly different from that of the traditional nozzle (no swirl) in Figure 5b . The results indicate that swirl nozzle can cause inner fluid whirling while the traditional nozzle only allows the inner fluid to flow directly. Figure 5c ,d show the velocity distribution on the nozzle outlet face along the L-direction. Figure 5c shows that when the swirl nozzle is used at a given position, the velocity varies more evenly in a large range with the maximum velocity being about 8 m/s. However, the traditional nozzle produces a flow field (Figure 5d ) in which the velocity distribution forms a narrow band with the maximum velocity being only 3 m/s. They have same axial velocity but different tangential velocity. As indicated by Equation (1), the faster tangential velocity can produce tinier water droplets for capturing dust particles.
Results and Discussion
Numerical Simulation Results
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(a) Figure 6a shows that the SMD curve is varied with spray pressure and nozzle diameter. When the spray pressure is less than 4 MPa, the droplets' SMD decreases rapidly with the increase of spray pressure. When the spray pressure is above 5 MPa, the droplets' SMD decrease slowly with the pressure. This indicates that the spray pressure has a significant effect on liquid atomization. As the kinetic energy of the droplets increases with the spray pressure, the higher kinetic energy is most likely to cause breakage of larger droplets into smaller ones. Figure 6 also shows that when the spray pressure reaches 5 MPa, even if the spray pressure continues to increase, fog particle SMD will not be reduced greatly. In other words, Figure 6a shows that at the same spray pressure, smaller nozzle aperture can produce smaller particle. Figure 6b shows the comparison between the nozzle and the traditional nozzles [40] in the SMD. The SMD of this swirl nozzle is smaller than the traditional nozzles for 1.5 mm and this swirl nozzle is smaller than the traditional nozzles for 1 mm when the spray pressure is above 3 MPa. According [4, 5] , better dust removal can be achieved using smaller diameter particles.
The Relationship between Droplet SMD and Spray Pressure and Nozzle Diameter
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The Relationship between Atomization Angle and Spray Pressure and Nozzle Aperture
Axial and Radial Distributions of Particle SMD
Speed Distribution of Fog Particles
The velocities of droplets were investigated at different spray pressures and at different axial distances and are shown in Figures 10 and 11 , respectively. Figure 10 shows that at a point in the fog field, the speed of fog particles increases with the increase of spray pressure. For example, when the nozzle aperture is 1.2 mm, when spray pressure is increased from 2 to 3, 4, and 5 MPa, the speed of fog particles is increased from 28 m/s to 43 m/s. However, above 5 MPa, the growth rate of fog particle speed tends to be small. At the same time, Figure 10 also shows that the small nozzle aperture has smaller fog particle speed than that of the large nozzle aperture at the same spray pressure. Figure 11 shows the relationship between the velocity of fog particles and the axial distance from center of the fog field. It indicates that the velocity of fog particles decreases gradually when the axial distance increases in the fog field at different spray pressure. For example, at 5 MPa, the axial speed is 50 m/s at 100 cm and then is reduced to 20 m/s at 300 cm. This is because when the nozzle's high inner pressure sprays out the fog particles with high speed relative to the air speed, a large part of the kinetic energy of the fog particles is used to overcome air shearing and resistance. In this process, 
The velocities of droplets were investigated at different spray pressures and at different axial distances and are shown in Figures 10 and 11 , respectively. Figure 10 shows that at a point in the fog field, the speed of fog particles increases with the increase of spray pressure. For example, when the nozzle aperture is 1.2 mm, when spray pressure is increased from 2 to 3, 4, and 5 MPa, the speed of fog particles is increased from 28 m/s to 43 m/s. However, above 5 MPa, the growth rate of fog particle speed tends to be small. At the same time, Figure 10 also shows that the small nozzle aperture has smaller fog particle speed than that of the large nozzle aperture at the same spray pressure. Figure 11 shows the relationship between the velocity of fog particles and the axial distance from center of the fog field. It indicates that the velocity of fog particles decreases gradually when the axial distance increases in the fog field at different spray pressure. For example, at 5 MPa, the axial speed is 50 m/s at 100 cm and then is reduced to 20 m/s at 300 cm. This is because when the nozzle's high inner pressure sprays out the fog particles with high speed relative to the air speed, a large part of the kinetic energy of the fog particles is used to overcome air shearing and resistance. In this process, the larger diameter of fog particles is sheared and broken, the kinetic energy of the fog particles is further lost, so that the speed of fog particles reduces sharply. With the speed of fog particles decreasing, the shear effect of air on fog particles gradually reduces, the possibility of shear crushing and the loss of energy of fog particles are reduced and, therefore, the fog particle speed rate decreases gradually with the increase in axial distance.
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The swirl nozzle was used in a coal mine for spraying and dust settling as shown in Figure 12 . It can be seen that the swirl nozzle sprays out tiny water droplets regularly. Inspectors in the coal mine had monitored coal dust concentration regularly, and they compared that with the results after the swirl nozzle was used; the data are listed in Table 1 . The data in Table 1 are the average of five measurements. Table 1 shows that the swirl nozzle had very good application effects in dust settling, such as at the 1035 east tunnel of the coal mine where the dust concentration was 8.5 mg/m 3 using a traditional nozzle, while after using the swirl nozzle, coal dust concentration was reduced to 6.51 mg/m 3 ; the coal dust concentration was decreased by 23%.
Conclusions
The experimental and numerical studies about the mechanism and effectiveness of a swirl nozzle have been described for dust control and the nozzle was successfully used in underground coal mines. Further investigations may be performed on the interactions between traditional nozzle structure and this swirl nozzle structure in the chamber, and eddy simulations could be conducted. However, the current study can provide the following conclusions:
(1) For this swirl nozzle, when the spray pressure is low, the particles' SMD decreases rapidly with the increase of the spray pressure. When the pressure reaches 5 MPa, the particles' SMD decreases slowly; even if the spray pressure continues to increase, the particles' SMD reduces very slowly. According to this character, a normal pressure pump can be used in practice instead of an expensive high-pressure pump for cost reduction. (2) Along the axial distance from the nozzle, the fog particles' SMD increase rapidly and then decrease rapidly; after 100 cm, it gradually becomes stable. The processes of increase and decrease are relatively short. The particles' SMD was the largest in the center of the fog field and decreases gradually along the radial direction. (3) The axial speed of particles increases with the increase of spray pressure, however, the increase rate tends to be slow when the pressure is above 5 MPa. The speed of particles decreases with the increase of aperture under the same spray pressure. The speed of the fog particles decreases gradually with the increase of axial distance in the fog field, and the rate of decrease gradually slows down. (4) Increasing of spray pressure and decreasing of nozzle aperture will make the fog particles' size distribution more concentrated and uniform. The fog particles' size distribution is also more uniform where it is further away from the nozzle axially and radially.
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